Much of the information about the function of D. melanogaster genes has come from P element mutagenesis. The major drawback of the P element, though, is its strong bias for insertion into some genes (hotspots) and against insertion into others (coldspots). Additionally, 5'UTRs are preferential intragenic targets. For the successful completion of the Drosophila Genome Disruption Project the use of transposon vectors other than P will be necessary. We have here examined the suitability of the Minos element from Drosophila hydei, which is a member of the Tc1/mariner family of transposable elements, as a tool for Drosophila genomics. Previous work has shown that Minos is active in diverse organisms and cultured cells; it produces stable integrants in the germ line of several insect species, in the mouse and in human cells. We generated and analyzed 96 Minos integrations into the Drosophila genome and devised an efficient "jumpstarting" scheme for production of single insertions. The ratio of insertions into genes versus intergenic DNA is consistent with a random distribution. Within genes, there is a statistically significant preference for insertion into introns rather than exons.
INTRODUCTION
One of the main goals of modern genetics is to link the many thousands of genes identified through sequencing of whole genomes of model organisms to gene function. The most powerful technique for this purpose has so far been transgenesis with mobile elements. This technique allows the researcher to disrupt, overexpress or misexpress single genes, in order to identify expression patterns and also to characterize genetic pathways and their interactions. One of the main advantages of insertional mutagenesis over the classical method of chemical mutagenesis is the ease with which the targeted gene can be identified, since it carries an inserted tag.
The P-element was the first mobile element that enabled germ line transformation of an insect species (RUBIN and SPRADLING 1982) . Since then, thousands of single P-element insertions causing lethality, semi-lethality, sterility, semi-sterility and visible phenotypes have been created and analyzed in Drosophila (COOLEY et al. 1988; BIER et al. 1989; GAUL et al. 1992; KARPEN and SPRADLING 1992; CHANG et al. 1993; TÖROK et al. 1993; SPRADLING et al. 1995; R∅RTH 1996; SPRADLING et al. 1999 ).
Furthermore, P-element based enhancer and gene trapping strategies (O'KANE and GEHRING 1987; BELLEN et al. 1989; WILSON et al. 1989; BRAND and PERRIMON 1993; LUKACSOVICH et al. 2001; MORIN et al. 2001 and BOURBON et al. 2002) have underlined the value of transposon mutagenesis for genome wide functional analysis.
No other insect species were transformed for thirteen years after the germ-line transformation of Drosophila, mainly because efforts were based on the P-element vector, which was subsequently found to be inactive in nondrosophilids (HANDLER et al. 1993) . It was in 1995 when Minos, an element isolated from Drosophila hydei and belonging to the Tc1/mariner superfamily, was found to transform the Medfly Ceratitis capitata (LOUKERIS et al. 1995b) , an insect of great economical importance. This was the first report of a transposable element able to transform a species belonging to a genus other than that of the original host of the element. Since then, several insect species have been transformed by other mobile elements, some of which are active in organisms very phylogenetically distant (for review see HANDLER 2001) .
Interestingly, at least some members of the Tc1/mariner superfamily of transposable elements do not require any host-encoded factors for transposition, since purified transposase is sufficient to catalyze in vitro transposition (VOS et al. 1996 , LAMPE et al. 1996 . This property makes them potentially active in all organisms.
Despite the current existence of a diverse arsenal of transposable elements that can be used for the transformation of different species, certain features, such as the efficiency of transposition and preference for integration into certain euchromatic regions has to be considered before selection of the most appropriate transposon for functional genomic analysis. For example, although the mariner element is active in a broad spectrum of species, ranging from microorganisms (GUEIROS-FILHO and BEVERLEY 1997) to human cells (FADOOL et al. 1998 , SHERMAN et al. 1998 and ZHANG et al. 1998 , its transposition efficiency in Drosophila species is very low in comparison to other mobile elements with a more restricted spectrum, like P and hobo (GARZA et al. 1991 , LIDHOLM et al. 1993 , LOHE and HARTL 1996 . Furthermore, different elements show distinctive intragenic preferences for integration. The P element inserts preferentially into the 5'UTRs of genes in Drosophila (SPRADLING et al. 1995) , while Sleeping Beauty has a preference for introns in human cells (VIGDAL et al. 2002) . The genomic insertional bias of the P-element is such that integration preference is strong for some genes (hotspots), very low for the majority of genes (coldspots) and intermediate for a third group of loci (warmspots). This bias makes the mutagenesis of the entire Drosophila genome by the P-element alone problematic. Therefore, the piggyBac element, which does not exhibit the same bias (HACKER et al. 2003) , has recently been employed for the Drosophila gene disruption project and is greatly advancing its progress (THIBAULT et al. 2004 ).
In the context of functional genomic analysis we have further characterized the potential of the the transposon Minos from Drosophila hydei (FRANZ and SAVAKIS 1991) . Minos is a member of the Tc1/mariner family of transposable elements with 255 bp long terminal inverted repeats which flank a single gene encoding transposase. Minos transposase catalyzes precise excision and integration of the element without transposition of flanking DNA (LOUKERIS et al. 1995a; ARCA et al. 1997) . The Minos element has been shown to be active in cultured insect and mammalian cells and to lead to stable insertions into germ line chromosomes of embryos of several insect species (LOUKERIS et al. 1995a-b; CATTERUCCIA et al. 2000a-b; KLINAKIS et al. 2000a; SHIMIZU et al. 2000; PAVLOPOULOS et al. 2004 ) and in ascidians (SASAKURA et al. 2003) . It is also functional in somatic and germ cells of mice (ZAGORAIOU et al. 2001; DRABEK et al. 2003) . The wide range of host organisms that permit transposition of this element and the fact that transposition produces stable transformants with high efficiency (KAPETANAKI et al. 2002) , allowing genome wide mutagenesis in mammalian cells (KLINAKIS et al. 2000b) , make it potentially a versatile tool for functional genomic analysis.
In this work, the ability of Minos transposons to insert into Drosophila melanogaster genes which have not been mutagenized by the P-element is demonstrated, as is a preference of Minos to target introns. In contrast to other elements of the same family, Minos does not seem to have a strong preference for DNA sequences with certain primary motifs and its preferred insertion sites appear to have different predicted physical properties than those of other members of the Tc1/mariner superfamily. We also demonstrate the ability of Minos to produce deletions at the sites of integration upon remobilization in the germ line. In addition, a 'jumpstarting' scheme, efficiently producing re-insertions from the X chromosome to the autosomes has been devised. We conclude that Minos-based mutagenesis has the properties required to approach saturation of the Drosophila genome with intragenic insertions useful for functional analysis. Plasmid pPhsILMiT is a derivative of P-element vector pCaSper4 (THUMMEL and PIRROTTA 1992) , carrying in its unique NotI site a 2.3kb NotI fragment from pHSS6hsILMi20 (KLINAKIS et al. 2000a) , containing an intronless Minos transposase gene under control of the hsp70 promoter.
MATERIALS AND METHODS
Germ line transformation and transposase mRNA synthesis: Germ line transformation was performed by microinjection of plasmid DNA or a mixture of plasmid DNA and RNA into Drosophila melanogaster preblastoderm embryos of strain yw 67c23 , as described (RUBIN and SPRADLING 1982) . Embryos were co-injected with 400 µg/ml of transposon donor and either 100 µg/ml of helper plasmid pHSS6hsMi2 (LOUKERIS et al. 1995a-b) or 100 µg/ml of Minos transposase mRNA, produced from vector pBS(SK)MimRNA (PAVLOPOULOS et al. 2004) , using the mMessage mMachine T7 kit (Ambion), according to the manufacturer's instructions. G0 males and females were individually backcrossed with four female or male flies, respectively. The G1 progeny from these crosses was screened for green fluorescence of the eyes. Positive individuals were used to establish transgenic lines.
For the production of novel single insertions in flies, we used a so-called "jumpstart" scheme (COOLEY et al. 1988) . We established a line producing Plasmid rescue: Purification of genomic DNA was after Holmes and Bonner (1973) and plasmid rescue according to Pirrotta (1986) . Genomic DNA was digested with BamHI, XbaI or double digested with XbaI and SpeI, diluted and ligated. DH5α competent cells were transformed with the ligation products and plated on LB plates with kanamycin (25 µg/ml). Sanger sequencing was performed with primer IMio2 (KLINAKIS et al. 2000a ).
Computational analysis: Analysis of physical properties of Minos
insertion sites was performed with the software by LIAO et al. (2000) . Fifty base pairs each, flanking the TA insertion sites on either side were aligned for eighty insertions and average values for GC content, DNA bendability, Aphilicity, B-DNA twist and protein induced deformability were calculated. The values were predicted as previously described (GORIN et al. 1995; IVANOV and MINCHENKOVA 1995; BRUKNER et al. 1995 and OLSON et al. 1998 ).
H-bond view analysis was performed as previously described (LIAO et al. 2000) . The profiles were compared with those of eighty sequences randomly taken from the Drosophila melanogaster genome, each centered around a TA dinucleotide. All calculations were performed using a three base-pair sliding window. For the determination of the consensus sequence of Minos insertions, 10 base pairs upstream and downstream of the TA insertion site were analyzed with program SeqLogo (SCHNEIDER and STEPHENS 1990) . from the X chromosome to the autosomes. The jumpstart males were heat shocked daily for one hour during the larval and pupal stages. Transposition efficiency in this experiment was 81%. No remobilization was detected when the jumpstart males were kept continuously at 25° or 30° C. Twenty-four of these re-insertions of MiET1 into autosomes were recovered and sequenced.
Production and analysis of
The transposons MiET1 and MiPR1 used in these experiments allow recovery of the genomic DNA flanking the insertions on one side by plasmid rescue (PERUCHO et al. 1980) . This enabled us to identify the exact insertion point of 92 different Minos insertions.
Analysis of Minos insertion sites: BLAST (ALTSCHUL et al. 1990) analysis was used to place the 92 insertions recovered plus 4 previously published insertions (LOUKERIS et al. 1995a ) on the Drosophila genome, according to release 3 of the Drosophila melanogaster database (CELNIKER et al. 2002) . Seven insertions were in repetitive regions. One of these is found only on 3L while the others occur on more than one chromosomal arm. These were excluded from analysis of chromosomal distribution. Seventeen insertions were located less than 2kb from the closest gene.
Interestingly, introns were hit five times more frequently than exons. Chisquare analysis indicates that the preference of Minos for introns versus exons is significantly non-random (P< 0.05). This is not explained by the distribution of TA dinucleotides, and therefore potential sites of Minos insertion, since the total number of TA's in introns is only twice the number of TA's in exons (Table 2 ).
A total of 41 different genes were hit by the 42 intragenic insertions. Two genes, the Dystrophin gene and the predicted gene CG31000 were hit twice.
Additionally, one insertion was into the exon of a gene that lies nested within the intron of a second gene (Table 3) . Seventeen of the intragenic insertions (40%) occurred in genes that have not been hit by the P-element; these are shown in Table 3 .
No visible phenotypes, lethality or semi-lethality were observed in ten lines with single intronic insertions which were made homozygous, indicating that Minos insertions into introns do not often lead to a loss of function (data not shown). and it is possible that a small deletion, undetectable by our analysis, caused the mutation. Alternatively, the lethal mutation may have been the result of a "hit and run" event, where the excised element first re-inserts into a nearby location, from where it excises again, leaving behind its mutagenic footprint or a small deletion.
Lack of sequence bias at insertion sites:
In two out of 89 excision events from orphan gene CG30497, the transposon was imprecisely excised, leaving behind 368 and 112 bp of the inverted repeat. In the latter case, 25 bp of genomic DNA were deleted adjacent to the TA insertion site. Furthermore, three PCR reactions from gene CG30497 excisions did not give any product, suggesting that a deletion covering at least one of the primer annealing sites may have taken place.
Lethality was also observed in one excision event from gene CG30497.
Again, Southern blotting analysis of heterozygotes did not reveal a deletion at the site of the initial Minos insertion.
DISCUSSION
Transposon mutagenesis is an important tool in functional genomics.
Mutagenesis of Drosophila with the P-element has played a central role in elucidating the function and regulation of many genes. Constructs based on the P-element are used to "trap" genes and enhancers, to produce loss of function mutations, to overexpress and ectopically express genes and to study genetic interactions. Such studies have helped to unravel basic conserved genetic pathways, some of which are involved in human diseases and ageing (for review see O'KANE 2003) . It has been estimated that 77% of human genes implicated in specific diseases have one or more Drosophila homologues with considerable sequence similarity (REITER et al. 2001 ).
An extensive body of data on the genomic distribution of P-element insertions accumulated over 20 years has revealed that there is a high insertion preference for certain euchromatic areas, the so-called "hotspots" (SPRADLING et al. 1999) . Consequently, so far only a fraction of all predicted genes in the Drosophila genome have been targeted by P, indicating that the P-element alone is not sufficient for saturating mutational analysis of the Drosophila genome. Therefore, other mobile elements that also insert efficiently into the Drosophila genome and at the same time show a different insertional spectrum or even no insertion site preference at all are desirable as complementing mutagenesis tools.
We demonstrate here that the Tc1/mariner-like transposable element
Minos is an efficient tool for generation of insertions into the Drosophila genome, that Minos insertions show little sequence preference beyond the strictly required target dinucleotide TA and that there is a significant bias for insertion into introns versus exons. Furthermore, we show that while Minos inserts preferentially into introns, where it does not appear to interfere with expression of the target gene, it occasionally causes deletions of nearby exonic sequences upon subsequent excision. This property distinguishes
Minos from piggyBac, which does not cause deletions upon subsequent excision (HORN et al, 2003) .
Efficiency of transposition:
Minos insertions were generated either through pre-blastoderm embryo injections or through remobilization of a (KORSWAGEN et al. 1996) .
Thus, these elements share a similar target site, albeit with a different degree of conservation. Compared to Sleeping Beauty and Tc1, Minos insertions seem to depend much less, if at all, on sequences beyond the TA insertion dinucleotide. This is strongly supported by H-bond view analysis, which reveals a very low degree of symmetric hydrogen bonding potential around the target TA. The P-element, Sleeping Beauty and Tc1, on the other hand, exhibit extensive conservation and strong symmetry in hydrogen bonding potential within the DNA flanking their target sites (LIAO et al. 2000; VIGDAL et al. 2002) .
High bendability (Figure 4 ) seems to be the DNA property that mainly distinguishes Minos target sites from randomly chosen TA-centered sequences. Additionally, the site of insertion has a significantly lower predicted protein-induced deformability than in the random sequences, a
property not shared by other Tc1/mariner family members (VIGDAL et al. 2002) . A preference for insertions into introns same has been reported for piggyBac in Drosophila (HACKER et al. 2003) and for the Tc1-like element Sleeping Beauty in mammalian cells (VIGDAL et al. 2002) . This property sets these elements apart from the yeast Ty1 and Ty2 elements and the Pelement, which preferably insert into 5'UTRs of genes (CRAIG 1997).
Our analysis revealed no obvious integration "hot spot" for Minos. Two genes were hit twice, which however contain exceptionally large introns. A more thorough investigation of genome wide insertional bias will require analysis of a much greater number of insertions. However, it can be inferred that Minos does not share the same bias of insertion as the P-element; over 40% of genes with a direct Minos hit (17/41) have no known P element insertions.
The Minos system has the key properties required of a tool for genome-wide insertional screens in Drosophila. First, high efficiency germ line transposition of a Minos insertion is achieved by expressing transposase in trans. Second, insertional bias appears considerably weaker compared to the P-element and over 40% of genes targeted by Minos have not been targeted so far by the P-element. Third, local deletions can be generated by induced imprecise excision of Minos insertions. All these features are, due to the broad host range of Minos, also potentially available for the genetic manipulation of many other species. We conclude that Minos can be A  20  21  31  26  31  80  14  29  28  30  23   T  20  29  24  33  14  80  42  27  31  18  25   C  19  17  12  15  17  12  11  14  16  22   G  21  13  13  6  18  12  13  7  16 
